Active expression of putative ammonia monooxygenase gene subunit A (amoA) of marine group I Crenarchaeota has been detected in the Black Sea water column. It reached its maximum, as quantified by reverse-transcription quantitative PCR, exactly at the nitrate maximum or the nitrification zone modeled in the lower oxic zone. Crenarchaeal amoA expression could explain 74.5% of the nitrite variations in the lower oxic zone. In comparison, amoA expression by ␥-proteobacterial ammonia-oxidizing bacteria (AOB) showed two distinct maxima, one in the modeled nitrification zone and one in the suboxic zone. Neither the amoA expression by crenarchaea nor that by ␤-proteobacterial AOB was significantly elevated in this latter zone. Nitrification in the suboxic zone, most likely microaerobic in nature, was verified by 15 ammonia-oxidizing bacteria ͉ amoA gene expression ͉ marine group ͉ Crenarchaeota ͉ marine nitrogen loss N itrification, the stepwise oxidation of ammonium to nitrite and then nitrate, is a key process in marine nitrogen cycling. It is responsible for the formation of the large deep-sea nitrate reservoir. It connects the recycling of organic nitrogen to the ultimate nitrogen loss from the oceans, because its products are substrates for denitrification and anaerobic ammonium oxidation (anammox), the only two presently known nitrogen loss processes. In productive waters such as upwelling regions, high fluxes of organic matter and thus remineralization create strong subsurface oxygen minima, enabling denitrification (1-4) or anammox (5-8) to occur. Nitrogen losses from these oxygen minimum zones (OMZs) are estimated to account for 30-50% of total nitrogen loss from the oceans (9, 10). Because remineralization also releases large amounts of ammonium, high nitrification rates are often associated with these OMZs (11), implying that nitrification may play an important role in promoting marine nitrogen loss.
N itrification, the stepwise oxidation of ammonium to nitrite and then nitrate, is a key process in marine nitrogen cycling. It is responsible for the formation of the large deep-sea nitrate reservoir. It connects the recycling of organic nitrogen to the ultimate nitrogen loss from the oceans, because its products are substrates for denitrification and anaerobic ammonium oxidation (anammox), the only two presently known nitrogen loss processes. In productive waters such as upwelling regions, high fluxes of organic matter and thus remineralization create strong subsurface oxygen minima, enabling denitrification (1-4) or anammox (5) (6) (7) (8) to occur. Nitrogen losses from these oxygen minimum zones (OMZs) are estimated to account for 30-50% of total nitrogen loss from the oceans (9, 10) . Because remineralization also releases large amounts of ammonium, high nitrification rates are often associated with these OMZs (11) , implying that nitrification may play an important role in promoting marine nitrogen loss.
The Black Sea is the largest marine anoxic basin in the world. A 20-to 40-m-thick suboxic transitional zone, characterized by low oxygen (Ͻ5 M) and undetectable sulfide, persists throughout the basin between the surface oxic layer and the sulfidic anoxic deep water (Ն100 m) (12, 13) . The exact depth zonation varies according to the location within the basin because of circulation and gyre formation, but similar concentrations of chemical species can be traced along isopycnals or density ( t ) surfaces throughout the basin (12) . Therefore, the Black Sea provides an ideal model system to study nitrogen cycling processes along oxygen gradients. Nitrification has been reported in the lower oxic zone (14) and so has nitrogen loss via anammox in the suboxic zone (15) . Nevertheless, the identity and abundance of the responsible nitrifiers, or any coupling between nitrification and nitrogen losses, remain poorly documented.
The first and rate-limiting step of nitrification is aerobic ammonia oxidation. It is a microbially mediated reaction. For decades, only specific groups of ␤-and ␥-proteobacteria have been found to exhibit this capability. However, recent metagenomic studies in the Sargasso Sea (16, 17) and later of a marine sponge symbiont (18) have identified in marine group I (MGI) Crenarchaeota genes encoding proteins resembling ammonia monooxygenase (AMO), the key enzyme in aerobic ammonia-oxidizing bacteria (AOB). This chemoautotrophic ammonia-oxidizing potential was confirmed in Candidatus ''Nitrosopumilus maritimus,'' an MGI crenarchaeon isolated from a marine aquarium (19) . This crenarchaeon is highly similar to the Sargasso Sea phylotypes based on their 16S rRNA (Ͼ98% sequence identity) and putative AMO (93-98% amino acids homology) sequences. This putative AMO is, however, only 38-51% (amino acids) homologous to those of AOB. Since then, similar sequences of crenarchaeal AMO gene subunit A (amoA) (69-99% amino acid homology) have been detected in various marine water columns and sediments, including the Black Sea (20) . Because nonthermophilic MGI Crenarchaeota constitute a significant portion of oceanic picoplankton (up to 30%) (21, 22) and a considerable fraction are likely autotrophic (23, 24) , it is speculated that these MGI Crenarchaeota could be more important nitrifiers in the oceans than the usually less abundant AOB (18, 19) . Indeed, crenarchaeal amoA genes were reported to be more abundant than bacterial amoA in a North Atlantic study (25) . However, no published data to date have shown crenarchaeal amoA expression in marine environments.
In this study, we provide direct evidence of crenarchaeal amoA activities in the Black Sea water column. Its expression was com-pared quantitatively with that of bacterial amoA. In addition, coupling between nitrification and anammox was examined by using a combination of gene abundance and expression analyses, high-resolution chemical profiling, reaction-diffusion modeling, and 15 N incubation experiments. (20-42 nM) at Ϸ55, 80 and 105 m, and was otherwise close to detection limit. Ammonium levels were Ͻ80 nM in the oxic zone except for slight elevations at 20 m and 78 m, and increased substantially upon nitrate disappearance to micromolar levels below 100 m. From the NO x Ϫ concentration profile, a reaction-diffusion model was used to calculate total net NO x Ϫ production rates of up to 10 nM day Ϫ1 at 78 m (Fig. 2d ), which were within the range of the potential nitrification rates (5-50 nM day Ϫ1 ) previously measured (14) . Our model showed that net nitrification occurred only within a narrow zone (71-81 m) (Fig. 2) .
Results and Discussion
Active Microbial Community Structure. Bacteria (38-60% of total microbial abundance as DAPI-stained cells) dominated over Archaea (5-20% DAPI) in all sampled depths based on 16S rRNAtargeted catalyzed reporter deposition (CARD)-FISH results (SI Fig. 6 ). The highest bacterial abundance and 16S rRNA transcript levels [measured by reverse-transcription quantitative PCR (qPCR)] were reached at the nitrate maximum and the oxic-anoxic interface, coinciding with elevated dark CO 2 fixation rates (SI Fig.  6 ). The archaeal populations were largely Crenarchaeota (41-95% of total Archaea), whose contribution to the total community peaked at the nitrification zone (19% DAPI). Active archaeal communities at 80 m, 100 m, and 105 m comprised exclusively of MGI Crenarchaeota, as revealed by phylogenetic analyses of reverse-transcribed 16S rRNA. The majority shares 92-99% sequence identity with the ammonia-oxidizing isolate Candidatus''N. maritimus'', and belong to the large MGI ␣-cluster (SI Fig. 7) . Sequences retrieved from different depths did not form disparate subclusters. Anammox bacteria were present only in the suboxic zone, as verified by CARD-FISH and quantified by qPCR of their 16S rRNA genes, reaching a maximum at 100 m (2.6 ϫ 10 3 cells ml Ϫ1 ) where the highest anammox rate was measured (M.M.J., B.T., G.L., and M.M.M.K., unpublished results) (Fig. 1) . The highest ␥-proteobacterial AOB abundance (5.4 ϫ 10 3 cells ml Ϫ1 ) was also observed at this depth (Fig. 2 ).
Active Expression of Crenarchaeal Putative amoA Genes. Crenarchaeal putative amoA was strongly expressed within the narrow nitrification zone, whereas close to background levels were measured at other depths (Fig. 2) . In comparison, high gene abundance was also observed near the oxic-anoxic interface, where there were secondary maxima in crenarchaeal cellular and 16S rRNA transcript abundance. The identities of crenarchaeal amoA genes were confirmed by clone library screening at both DNA and mRNA levels at 80 m, 100 m, and 110 m, representing the lower oxic, suboxic zones, and oxic-anoxic interface, respectively. The sequences retrieved are 70-91% homologous to the amoA of Candidatus ''N. maritimus'' at the nucleotide level, but only 33-37% and 30-37% to those of ␤-and ␥-proteobacterial ammonia-oxidizing bacteria (␤AOB and ␥AOB), respectively. Eleven operational taxonomic units (OTUs) were identified in total, with three unique to 80 m (BS157-G8/-D4/-H3) and two to 100 m (BS160-F11/-G4). More diverse crenarchaeal amoA were expressed in the nitrification zone compared with the two deeper depths (Fig. 3) . Most of the obtained sequences fell into the marine clusters A, B, and C (20), but three OTUs fell into the ''sediment'' cluster, which also included Candidatus ''N. maritimus.'' 
Crenarchaeal Versus Bacterial Ammonia Oxidation in the Lower Oxic
Zone. Despite the barely detectable gene abundance, strong amoA expression by AOB was detected within the nitrification zone (Fig. 2) . ␥AOB amoA expression, in particular, was up to nearly 3-fold greater than that of crenarchaea. If we assume AOB cellular nitrification rates of 6-20 fmol of N cell Ϫ1 day Ϫ1 (26, 27) , the abundance of AOB (Յ1,400 cells ml Ϫ1 ) present might support at most a rate of 7-24 nM day Ϫ1 . Although this rate estimate lies in the same range as the modeled net nitrification rate (10 nM day Ϫ1 ), it is insufficient to meet the upper range of 5-50 nM day Ϫ1 previously measured (14) . Some other organisms had to be nitrifying at the same time, and would most likely be the highly abundant MGI Crenarchaeota (4.3 ϫ 10 4 cells ml Ϫ1 ). The striking correspondence of the maximum crenarchaeal amoA gene expression and gene abundance, to the NO x Ϫ maxima and the narrow modeled nitrification zone, indicates that MGI Crenarchaeota were involved in nitrification in the lower oxic zone. Compared with total AOB amoA, crenarchaeal amoA genes were 43-fold more abundant (SI Table 1 ). This crenarchaeal amoA predominance is consistent with the observations in the two environmental studies that compared crenarchaeal and bacterial ammonia-oxidizers (25, 28) . If we assume a crenarchaeal cellular nitrification rate of 2-4 fmol of N cell Ϫ1 day Ϫ1 (25) and that each crenarchaeal cell contains at most one copy of amoA gene, based on the metagenome of Cenarchaeum symbiosum (18) , amoAcontaining crenarchaea in the nitrification zone (2.3 ϫ 10 4 cells ml Ϫ1 ) could account for an NO x Ϫ production of 46-92 nM day Ϫ1 . The lower end of this estimate would have already been sufficient to explain the previously measured rate (5-50 nM day Ϫ1 ) (14) and exceeds our modeled rate (10 nM day Ϫ1 ). Whereas an increase in amoA mRNA levels within the same group of organisms might indicate their respective elevated nitrification rates, as suggested in some transcription studies with AOB (29-32) and a soil crenarchaeon (33) upon NH 4 ϩ stimuli, the absolute quantities of amoA mRNA should not be singularly used to compare nitrifying activities amongst different groups. This is because transcriptional regulation involves a complex network of global and specific regulators that the amount of amoA mRNA transcribed per mole of NH 3 oxidized would almost certainly vary amongst species, physiological states or environmental conditions. Different species might possess different numbers of amoA gene copies per cell, such as the variations in crenarchaeal amoA:16S rRNA gene ratios observed in the Black Sea water column (oxic, 0.3-0.7; suboxic, 1.2-2.8; anoxic, 0.01-0.04) (SI Table 1 ) or in the North Atlantic study (25) , although the possibility of other unknown organisms possessing amoA-like genes such as in the suboxic zone cannot be ruled out either. In addition, the stability and maintenance levels of amoA mRNA might differ from one group to another. At least some AOB are known to maintain low amoA mRNA levels even after prolonged starvation (29) . It is possible that AOB in the Black Sea maintained a higher background amoA mRNA level than their crenarchaeal counterparts, and so a consistently higher bacterial amoA mRNA level despite low cell abundance. Besides, the gene encoding hydroxylamine oxidoreductase (hao), the enzyme responsible for the final energy-yielding step of ammonia oxidation, has not been identified in the metagenome of C. symbiosum (18) . Considering also the different organization of amo subunits in a crenarchaeal genome versus AOBs (17, 18) , ammonia-oxidizing crenarchaea may have an alternative energyyielding system. Their amoA mRNA synthesis and degradation rates are not necessarily the same.
By using a statistical approach, a multiple stepwise linear regression demonstrated that within the lower oxic zone, crenarchaeal and ␥AOB amoA mRNA were the only valid predictors (out of the variables measured in this study) for nitrite distributions (r 2 ϭ 0.81, P Ͻ 0.05), the direct product of ammonia oxidation. Crenarchaeal amoA mRNA variation can explain 74.5% of the nitrite variation within the oxic zone, whereas ␥AOB amoA mRNA only accounts for 6.5%. This statistical analysis suggests that nitrite distribution and therefore nitrification in this zone was mainly controlled by crenarchaeal amoA expression. NH 4 ϩ and NO 2 Ϫ combine to produce gaseous N 2 , it has been an enigma whether NO 2 Ϫ comes from nitrification or nitrate reduction or both. Anammox occurred in the Black Sea suboxic zone and peaked at 100 m (Ϸ11 nmol of N 2 liter Ϫ1 day Ϫ1 ), where NO 3 Ϫ and NH 4 ϩ profiles intersected ( Fig. 1) (Fig. 2d) . This NH 4 ϩ loss is double the total net NO x Ϫ consumption rate around these depths (Յ 7.0 nM day Ϫ1 or 36.7 mol of N m Ϫ2 day Ϫ1 ). The total NO x Ϫ production in the oxic zone (55.5 mol of N m Ϫ2 day Ϫ1 ) also could not match this NH 4 ϩ loss because of anammox, which consumes 1 mol of NO 2 Ϫ per mol of NH 4 ϩ oxidized. Therefore, an additional local source of NO 2 Ϫ and/or an additional loss of NH 4 ϩ must be present to reconcile the difference.
The best candidate to explain this phenomenon is microaerobic or anaerobic nitrification, whose direct coupling with anammox, the so-called completely autotrophic nitrogen removal over nitrite (CANON), has been demonstrated in bioreactors (35, 36) . At 100 m, nitrification was evidenced by the production of 15 NO 2 Ϫ (12.9 nM day Ϫ1 ) in incubations with 15 NH 4 ϩ ϩ 14 NO 2 Ϫ and no measurable oxygen (Fig. 4) . Parallel incubations with the addition of allylthiourea, an inhibitor specific for aerobic ammonia oxidation, yielded no 15 strong expression of ␥AOB amoA, which formed a distinct secondary maximum, along with their highest cell abundance (5.4 ϫ 10 3 cells ml Ϫ1 ). The identity of this expressed ␥AOB amoA was verified by a clone library constructed for this depth, retrieving sequences of 97% nucleotide sequence identity as Nitrosococcus oceani (Fig.  3) . ␥AOB amoA expression was consistent with the inhibition of 15 NO 2 Ϫ -production by allylthiourea. Assuming a cellular nitrification rate of 6-20 fmol of N cell Ϫ1 day Ϫ1 , these ␥AOB might potentially support nitrification rates of 32-108 nM day Ϫ1 , or 328-1,094 mol of N m Ϫ2 day Ϫ1 integrated over 98-113 m, which is in the same order as the integrated anammox rates (293-406 mol of N m Ϫ2 day Ϫ1 ) over the suboxic zone (M.M.J., B.T., G.L., and M.M.M.K., unpublished results). The cooccurrence of AOB and anammox bacteria at this depth was also reflected in their correlated abundances (Kendall ϭ 0.62, P Ͻ 0.05 for ␤AOB and Pearson-correlation R ϭ 0.86, P Ͻ 0.05 for ␥AOB), as well as their clustering in a principal component analysis (see SI Appendix).
The occurrence of nitrification in the absence of measurable oxygen is intriguing. By using a free-falling CTD equipped with an oxygen sensor (detection range 0-120% saturation, accuracy 2% sat.), we observed considerable temporal fluctuations in oxygen in the suboxic layer within a day (SI Fig. 8 ). These fluctuations were most likely lateral intrusions of oxygenated water, as the injections of foreign waters with different physical properties were evident from the deviations in temperature-salinity signatures and particle concentrations (% transmission) (SI Fig. 8 ). Whether these trace lateral oxygen intrusions were remnants of shelf-mixing brought in by the fringe of the Rim Current (37), or fossil turbulence from past local instabilities (38) or lateral intrusions of the Bosporus plume (39) reaching this far, remains to be determined. Despite a usual preference for oxic conditions by AOB, because of NH 4 ϩ availability AOB are often found actively nitrifying near oceanic OMZs (2, 3, 26) , or even in virtually anoxic conditions (40, 41) . At least some communities have shown low-oxygen adaptations by having a much higher oxygen affinity than their counterparts inhabiting highoxygen settings (42) . Although O 2 was hardly detectable at 100 m, the amount of nitrification occurring at this depth required only nanomolar levels of O 2 , which is far below the detection limits of the instrumentation or chemical analyses currently available (Ϸ1.5-2 M). Alternatively, Mn(III)/(IV) may potentially serve as electron acceptors for anaerobic nitrification (43, 44) , and they were detected as particulate MnO x right around this depth (Fig. 1) . Nonetheless, as the oxidation of dissolved Mn(II)/(III) diffusing from below required oxygen, the presence of the oxidative product particulate MnO x itself at this depth indicated the presence of oxygen. Because nitrification with oxygen is thermodynamically more favorable than with MnO 2 (⌬G R pH ϭ 7 ϭ Ϫ341 kJ mol Ϫ1 versus Ϫ175 kJ mol Ϫ1 ) (44), the former reaction would expectedly be preferred when both electron acceptors are present.
Despite their high abundance and metabolic activities (revealed by 16S rRNA levels) of the potentially ammonia-oxidizing crenarchaea, their putative amoA genes were not expressed at significantly elevated levels in the Black Sea suboxic zone. These observations may imply that in such suboxic settings, these crenarchaea were not using their nitrifying capabilities much but some other energyacquisition pathways. For instance, MGI Crenarchaeota have been shown to take up amino acids in the North Atlantic, and the proportion of organotrophy, as reflected by the uptake ratio of Dto L-amino acids, increased with depth in the meso-and bathypelagic realms (45) . In contrast, the significantly enhanced amoA expressions provide evidence for microaerobic nitrification by ␥AOB in the suboxic zone of the Black Sea.
Whether ␥AOB are the main microaerobic nitrifiers or not, our results clearly show that in the Black Sea suboxic waters, microaerobic nitrification is directly coupled to anammox by providing the latter a direct local source of nitrite. Similarly, direct nitrificationanammox coupling has been suggested in the Benguela upwelling system (5), where anammox was only detected in incubations with 15 NH 4 ϩ but not with 15 NO 3 Ϫ at one site or more, implying that nitrification rather than nitrate reduction was the source of nitrite for anammox in those cases. Currently, 30-50% of global marine nitrogen loss is estimated to occur in oceanic OMZs (9, 10) and increasing evidence has pointed to the prevalence of anammox over denitrification (5) (6) (7) (8) . If the same nitrification-anammox coupling, as observed in the Black Sea suboxic waters, also occurs in oceanic OMZs, then a substantial portion of total oceanic nitrogen loss would have come from regenerated NH 4 ϩ from the surface ocean, and not directly from deep-sea nitrate (SI Fig. 9 ).
Conclusions
A combination of microbial abundance and gene expression analyses, high-resolution chemical profiling, modeling, 15 N incubation experiments and statistical analyses, shows that ammonia-oxidizing crenarchaea and ␥AOB were both important nitrifiers in the Black Sea water column. Our data suggest that crenarchaeal ammoniaoxidizers were mainly responsible for the NO x Ϫ production in the lower oxic zone. This NO x Ϫ indirectly supported about half of the anammox activities in the suboxic zone after downward diffusion and nitrate reduction. Meanwhile, ␥AOB resided alongside the anammox bacteria and remained actively nitrifying in the suboxic zone, thus providing anammox bacteria with a local nitrite source. Whether the same niche-differentiation occurs in other marine environments, whether other nitrifiers remain to be found, and whether all MGI Crenarchaeota are capable of and do autotrophic nitrification, should be investigated. Because anammox is a major nitrogen loss in the marine environment, nitrification-anammox coupling acts as a short circuit channeling regenerated N to direct N loss, reducing the presumed direct contribution from deep-sea nitrate.
Materials and Methods
Water Sampling, Chemical Analyses, and Dark Carbon Fixation. A free-falling conductivity-temperature-depth (CTD) system (SBE 9plus; Sea-Bird Electronics, Washington, DC) equipped with an oxygen sensor (SBE 43; Sea-Bird Electronics; sampling at 24 Hz, range: 0-120%Sat, accuracy 2%Sat) was used to examine temporal variations in the physical properties of the water column. Water samples were collected by a pumpcast-CTD in high-resolution intervals, or by Go-Flo bottles on a CTD-rosette system. NH 4 ϩ was analyzed onboard fluorometrically (46) , and NO 2 Ϫ and NO 3 Ϫ with an autoanalyzer in a shore-based laboratory. Sulfide concentration was measured onboard spectrophotometrically (47) . Total dissolved Mn were determined with inductively coupled plasma and optical emission spectroscopy after filtering seawater through 0.45-m cellulose acetate membrane filters and acidification with 250 l of concentrated HNO 3 . Particulate MnO x were collected by in situ large-volume filtration (120-1,000 liters) onto glass fiber filters (GF/F; 14-cm diameter, 0.7-m nominal pore-size). Particulate Mn was dissolved from 2-cm-diameter subsampled filter with 4 ml of 0. 15 NO 2 Ϫ production was measured in the same anoxic 15 N incubation vials as in the anammox rate measurements, but 15 NO 2 Ϫ was analyzed as N 2 after a two-step reduction by acidified sodium iodide and then by copper at 650°C. Stable isotopic composition for N 2 was determined by gas chromatography isotopic ratio mass spectrometry. Parallel samples were incubated with allylthiourea (86 M final conc.), and/or with 5 M oxygen, then 15 NO 2 Ϫ production was determined.
